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SUMMARY D

A review is presented of aircraft cabin conditioning. This review has been undertaken
because of the inadequaie performance of many aircraft air conditioning systems in the
hottest conditions encountered in Australia. The factors inciuded in this study were the
climatic conditions (both Australia and world-wide), human performance in hot con-
ditions, the heat balance of aircraft cabins, cooling system performance, and specification
of cabin environmeni control systems. |

It is concluded that climatic conditions in Australia are not severe in a world-wide !
context, and that there is no technological reason why the cabin conditioning systems of
aircraft should be inadequate. Compliance with present KAAF specifications will provide
an acceptable cabin environment for operation of aircraft in Australia.
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“->=A review is presented of aircraft cabin conditioning. This review has been under-
taken because of the inadequate performance of many aircraft air condi:ioning systems
in the hotrest conditions encountered in Australia. The factors included in this study
were the climatic conditions (both Australia and world-wide), human performance in
hot conditions, the heat balance of aircraft cabins, cooling system performance, and
specification of cabin environment control systems.

It is concluded that climatic conditions in Ausiralia are rot severe in a world-wide
context, and that there is no technological reason why the cabin conditioning systems of
aircraft should be inadequate. Compliance with present RAAF specifications will provide
an acceptable cabin environment for operation of aircraft in Australia.
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Clothing conductivity (W/m?2 °C)

Mach number

Cabin air mass flow (g/s)

Outside air temperature (°C)

Absolute pressurz at point i (kPa)

Heat removal rate of cooling air (W)

Convective heat transfer from the surface of a black globe (W)

Heat lost by convective heat transfer from persons clothing surface (W)
Heat (or work) transfer when cycle process moves from point i to point j (W)
Pilot’s metabolic heat output (W)

Radiation exchange of pilot with surrcundings (W)

Radiative heat transfer from a black globz (W)

Soiar radiation heat transfer through transparencies (W)

Solar radiation heat flux (W/m?)

Solar radiation heat input rate to a person (W)

Heating of a black globe by direct solar radiation (W)

Total heat input to an aircraft cabin (W)

Metabolic heat rate of a person (W/m?)

Latent heat of condensation of water (kJ/kg)

Recovery factor
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Pressure ratio of cooling unit compressor L
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Ambient air temperature (°C}

Mean temperature of air in vicinity of the pilot (°C)
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Cooling system turbine efficiency *
Engine compressor efliciency 7
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1. INTRODUCTION

The cabin conditioning systems of military aircraft in service in Australia have frequently
proved inadequate, particularly with regard to their performance in the hottest conditions
encountered in this country, As the Services are anxious ‘o avoid a recurrence of this problem
with the purchase of new aircraft, ARL were asked to investigate all aspects of aircraft cockpit
conditioning. This request was duly formalised as an Air Force Task.

The primary emphasis of this task was to avoid problems with future aircraft, rather than to
suggest palliatives for existing aircraft. Some examination of the deficiencies in existing RAAF
aircraft, and their causes, is of course inherent in this study. The original task requirement was
as folows:

“Study of aircraft cockpit environment and methods of conditioning of crew and equip-
ment, with the object of specifying cockpit conditioning requirements for aircraft operating
in the Australian climatic environment. The study to include:

{a) Survey of climatic conditions for foreseeable RAAF operations.

(b) Determination of cockpit conditioning design criteria for specification by RAAF,
based on an assessment of heat balances in typical cockpit structures.

(¢) Examination of present or new techniques of conditioning to enable design criteria
to be met with m nimum weight, power and space requirements.

(d) Preparation of outline system specifications based on the most suitable proposed
techniques.”

This is the final report on the Cockpit Conditiorang Task, thzre are areas where further
work can be carried out, as indicated in the body of the report: however, the main objectives
of the task have becn fulfilled. It is intended that this repourt will provide assistance to the
RAAF and other services in specifying cockpit vonditioning systems for aew aircraft, or reviewing
problems in existing aircraft; there 1s summarised a large body of literature pertaining to cockpit
conditioning, both Australian and overseas.

The severity of the problem, as it afects the RAAF, is that all of their jet aircraft (with the
exception of the F-1110), have exhibiied scrious deficiencies in the performance of the cockpit
conditioning system. Two of the carlier RAAF jet aircraft, the Vampire Mk 30 (Jo:t, Noble and
Rowland 1953*), and the Canberra Mk 20 (Sutherland and Scotland 1958), were not =Guipped
with cooling systems when they arrived in Australia. Fitment of cold air units to those aircraft was
subsequently carried out in Australia, when it became apparent that opesation in Australian
summer conditions was adversely afected by crew heat stress. Another early RAAF jet aircraft,
the Sabre Mk 31, was eyuipped with a relatively effective cooling systcm. Ali of these aircraft,
and the later Mirage 1110 have, however, experienced severe cockpit transparency misting, and
fog, under some flight conditions, particularly in the tropics. This problem can also occur during
landing approach or take-off, and can thus be hazardous.

Preliminary investigations of the problem showed that there is no technological reason why
the performance of cooling systems should continue to be so roor, the problem appears to have
remained primarily because of two interrelated factors:

(@) neglect of cabin conditioning by aircraft marufacturers (particularly European), even
*hou,h the technology has existed to provide adequate solutions; und

(b) inadequate specification, or follow-up acceptance tests, by the RAAF.

* References are listed alphabetically at the end of this report.
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In support of these conclusions it is of interest to note that the Vampire Mk 30 prototype
cooling system cvaluated by the RAAF Aircraft Rescarch and Development Unit in 1951 (see
Jost et al. 1952) brought about cabin temperatures no higher than that of the Macchi MB326H
intrcduced into  Australia some 15 years later (see Aircraft Research and Development
Unit 1969).

The most recent RAAF combat aircraft, the F-111C, reportedly has no problems with the
cockpit conditioning system (ARL file M2/262, folios 38, 39).

2. THE EXTERNAL ENVIRONMENT

2.1 General Comments
The external environmant is relevant to cockpit conditioning for two reasons:

(a) its effect on the transfer of heat to the cabin and the occupants by conduction, convec-
tion and radiation; and

(b) its effect on the condition of the ventilating air at entry to the cabin, and on the perfor-
mance of the cooling unit.

The exteraal environmental factors of primary interest are temperature, humidity and solar
radiation. Other climatic factors such as wind, rain, snow, hail, air density, 07 ne concentration,
sand and dust, while important with regard to other aspects of aircraft operation, are not directly
relevant to this study. :

The Australian climate, with regard to temperature and humidity, is not unusually severe
in a world-wide context. This has been demonstrated by McRae (1977) in a comparison of
Australian upper &ir conditions with the world-wide environment described in the United States
MH.-STD-210B (Military Standard Climatic Extremes for Military Aircraft). This report by
McRae is to be incorporated in a revision of Australian Defence Standard 5168 ‘Climatic Extremes
for Service Equipment’; this revision will incorporate ground, sea and air environments. The
work is being carried out by a Defence Standardisation Committee ‘working party.

2.2 Temperature

A comparison is given in Figure 1 between the United States MIL-STD-210B, the British
Av.P.970, and the RAAF atmospheric environment (RAAFAE). A coraiparison is also given in
Figure 2 between the RAAFAE, and the recorded 19, extreme* high and low temperatures for
Australia and nearby islands (from McRae 1977; Redman and McRae 1975).

The primary United States climatic design standard is MIL-STD-210B. This standard
separately describes the climatic environment for world-wide ground, naval and air (up to
80 km) operations. The maximum recorded, 1, 5, 10 and 209, extremes are given for the most
severe geographical locations; the 19, extreme being chosen in this standard as an appropriate
design criterion for operations. Other United States climatic design information (not shown in
Fig. 1) is provided by MIL-E-38453A, and an Air Force-Navy Aeronautical Bulletin 421.
Detailed background information on the formulation of MIL-STD-210B is given by Sissenwine
and Cormier (1974).

From Figure 1 it can be seen that the RAAFAE is less severe at most altitudes than the
world-wide MIL-STD-210B; at ground level the RAAFAE, at 43°C, accords closely with the
ground-level 19/, extreme for Australia (Redman and McRae 1975)of 43-7°C. The 1%, extreme
ground-level temperature for world-wide operations from MIL-STD-210B is 49°C.

2,3 Humidity

A comparison is given in Figure 3 between absolute humidity levels (kg moisture/kg dry air)
as specified in the United States MIL-STD-210B, the British Av. P. 970, and the RAAFAE.

* The 1% extreme is that temperature (or humidity) that is equalled ~r surpassed for 19
of time (7-5 h) in the most severe month,
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Also shown are four data points for 1%, extreme humidities, recorded in Australia and nearby
islands (McRae 19/7). The humidity levels for the RAAFAE have been calculated from the

RAAT method of presentation, which is dewpoint vs. altitude (see Appendix 1).
The British Av. P. 970 and the United States MIL-E-38453A are the only specifications
known to the author which show that the design humidity 1. vel is properly a function of tempera-
! ture, as well as altitude. The United States MIL-E-38453A, however, permits this change in design
humidity level with high temperatures only for the ground cooling case; the flignt situation, even
| at very low altitude, is covered by MIL-STD-210B. The design humidity levels for Av. P. 970
and MIL-E-38453A, as a function of both temiperature and altitude, are shown in Figure 4. {
World wide joint extremes of tempcrature and humidity have been summarised by Cormier
* (1974). The joint values of temperature and humidity which are exceeded 0-1, 1-0 and 5-0Y, of
the time in the most severe month are plotted in Figure 5. Also plotted on this figure are the
corresponding extremes for Australia and nearby islands, from data derived by McRae (1980). In
Figure 5, then, the lines of constant percentage are those lines joining a series of points at which
that joint temperature and humidity is exceeded for a particular percentage of the time in the 1
most severe month. For example, at the temperature and humidity level of point A in Figure 5,
0:19%, of the readings (for the worst month) lie within the shaded region, and 99-99 lie any-
where outside of this region. In the design of equipment where both temperature and humidity 1
influence performance, information on the percentage of time the performance will not meet
requirements cannot necessarily be obtained from Figure 5. For example, an air-cycle cooling
system may provide an equivalent cabin environment condition along the line BC in Figure 5.
The design information then sought will be the percentage of time temperature-humidity points
are above this line. For Australian conditions, however, very little error is introduced, for systems
of similar characteristics to the line BC (Fig. 5), if the 1-09%, curve is used for design purposes.
The RAAFAE is shown on Figure 5; it can be seen to be well outside of the 1:0%, probability

of joint occurrence of temperature and humidity for Australia,

2.4 Solar Radiation

Statistics of solar radiation for Australia have not been examined; however, the maximum
incident solar radiation for Australia is usually taken as 1,000 W/m?2. This solar radiation level i
is confirmed by reference to the Engineering Sciences Data No. 69015 on solar heating
(Engineering Scien~es Data Unit 1969). From these data the variation in solar radiation intensity
is shown to be primarily a function of atmospheric water content and altitude, the maximum
intensity of 1,360 W/m?2 being closely approached at 10,000 m and above. The USAF design
standard for solar radiation as a function of altitude is shown in Figure 6; this standard is for
a very dry atmosphere. Typical values of solar radiation for Australia are shown also in Figure 6,
based on information from the Engineering Sciences Data Unit (1969).

o T

a3

3. THE COCKPIT ENVIRONMENT FOR EFFECTIVE PERFORMANCE OF
AIRCREW AND EQUIPMENT

3.1 Objectives of the Environment Control System

The objectives of the environment control system are to provide adequate heating, cooling
and ventilation to ensure the operational efficiency of the occupants, and the efficient functicning
of all equipment. The climatic criteria for sccupant and equipment compartments differ; in
Sections 3.2 to 3.4 the aircrew aspects are discussed, and the requirements for equipment operation
are described in Section 3.5,

3.2 Heat Stress of Aircrew o
3.2.1 General Comments

Itisin the definition of what constitutes the limits of an acceptable environment for occupants
that considerable difficulties are encountered; this is discussed in Section 3.2.3. The cockpit
environment itself is readily defined in terms of the dry bulb temperature, radiant heating from
surroundings, moisture content of the air, aind air velocity. All of these factors influence the rate
of heat exchange between aircrew and their surroundings. From the viewpoint of heat stress
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the work rate, which affects metabolic heat productior, and clothing, which affects heat transfer
from the skin, need also to be included.

There have been many attempts to develop a single quantitative scale to be used as a measure
of heat stress, which would take into account all of the above factors. A detailed analysis of
these many heat stress indices can be found in such references as Kerslake (1972); it is proposed
to refcr here to only two indices, the Effective Temperature (ET) index, and the Wet Bulb Globe
Temperature (WBGT) index. These two are widely used, the former mainly in laboratory type
situations, and the latter in both laboratory and field trials. A description of these two indices
follows.

3.2.2 Heat Stress Indices
3.2.2.1 Effective Temperature Index

The Eftective Temperature (ET) index (not to e confused with the Environmental Tem-
perature Index, which is also used for the definition of thermal environment in aircraft cabins
—United States Army Air Force 1945), is videly used in research into comfort and heat stress of
humans. The ET of an environment is the temperature of still, saturated air which would give
rise to an equivalent sensation; it is found from a nomogram (see Fig. 7). This nomogram is
appropriate to subjects wearing normal indoor clothing. Adjustments can be made for thermal
radiation; the index is then termed the Corrected Effective Temperature (CET), and is found
by entering the nomogram with the observed value of the temperature of a 150 mm black globe.

Ramanathan and Belding (1973) have pointed out inconsistencies in the ET and CET
scales, as has Kerslake (1972), particularly with regard to underestimation of the effects of
humidity in severe conditions approaching the tolerance limit. These inconsistencies are not
such as to negate the usefulnecs of this index—it is very widzly used and, according to Kerslake
(1972), works quite well.

3.2.2.2 Wet Bulb Globe Temperature Index

The Wet Bulb Globe Temperature (WBGT) index takes account of incident thermal radiation,
ambient temperature, humidity and air velocity. It is defined (Xerslake 1972) as

WBGT = 07T wp + 0:2Tg + 0-1T,, )
where T, = ambient shade temperature (°C),
T'wp = temperature of a naturally convected wet bulb ¢°C),
T = temperature of a 150 mm black globe (°C).

An alternative formula which can be used if the psychrometric wet bulb temperature is available,
is

WBGT = 0-7Twp + 0:3T%, 2

where Twy is the psychrometric wet bulb temperature. In this index no measurement of air
velocity is required; the effect of air movement is reflected in the globe temperature (through
convective heat transfer) and in the naturally convected wet bulb temperature, through its effect
on evaporation. The index was originally intended only for application to troops training in the
open, under conditions of high radiant heat load. Because of its simplicity of use, the index has
become widely used, particularly in the military sphere—for example the RAF Institute of
Aviation Medicine (Harrison er al. 1977), the USAF School of Aerospace Medicine (Nunneley
and James 1977), and the RAAF Institute of Aviation Medicine (Readett and Knights 1978).

Inconsistencies in the WBGT index are discussed by Ramanathan and Belding (1973) and
Kerslake (1972), and are particularly evident when comparing humid and dry environments of
cquivalent WBGT. Despite these inconsistencies, the widespread use of the index is an
indication of its usefulness; no index in use at the present time is frec from limitation in its
interpretation.
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FIG.7 NOMOGRAM FOR DETERMINATION OF EFFECTIVE TEMPERATURE
(Reproduced from Kerslake 1972)
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It should be noted that the constant weighting of the temperatures in the WBGT index
(sec Equations (1) and (2)) implies its validity only in severe heat stress conditions, where heat
loss of a subject by evaporation is the predominant heat dissipation mechanism (as shown by
the weighting of 0:7 given to the wet bulb temperature). The WBGT index is quite inapplicable
in lower stress regions, which tend towards the comfort level. This feature of the WBGT index
can be seen by reference to Figure 7; whereas the weighting given to the wet bulb and globe
tempetatures is similar to the ET for the high stress regions of WBGT =: 30-35°C, for the low
stress regions (WBGT 20°C) the appropriate weighting to the wet bulb temperature as given
by the ET scale is approximately 0:3.For colder conditions still, heat dissipation by evanoration
will be negligible.

A seemingly small but significant change has recently taken place in WBGT measurement;
because of restricted space in modern aircraft cockpits, a black globe diameter of 40 mm is
used by the USAF School of Aerospace Medicine in their Miniature Environmental Monitor*
(James ef al. 1975; Nunneley and James 1977), and a black globe diameter of 50 mm is used by
the RAAF Institute of Aviation Medicine in their portable ‘Minilad’ instrumentt (Readett and
Knights 1978) and by the RAF Institute of Aviation Medicine (Harrison et al. 1977). The use
of a smailer globe diameter results in a greater heat transfer coeflicient at the same wind speed,
and so its temperature is closer to the air temperature. Thus the WBGT index level calculated
using the small globe will be less than that calculated using the large globe. The difference between
tae two WBGT levels will be approximately 0:7°C, depending upon humidity and dry bulb
temperature. A genecral analysis of the heat balance of a globe is presented in Appendix 2: a
comparison between the temperatures measured by 50 mm and 150 mm globes is given in
Figure 8, and the relationship between globe temperature, surrounding wall temperature and
incident radiation is given in Figure 9.

3.2.3 Response of Aircrew to Heat Stress

If the cooling of aircrew to a icvel which would ensure their comfort could be achieved
without decrement of aircraft performance, then their performance under heat stress would not
be relevant to this study. However, at the present time, with the known exception of the liquid-
conditioned suit which has very low power requirements, the provision of adequate crew cooling
will have an adverse effect on aircroft performance. Whilst is it not yet possible to quantify
human performance under heat stress, to the extent that it could be used in a trade-off study
against aircraft performarce, the level of lieat stress at which measurable performance degradation
occurs can be established. The rcsuits of a number of studies of human performance under
heat stress are discussed in the following sections, 3.2.3.1. to 3.2.4.

3.2.3.1 Measured Psychological and Physiological Effects of Heat Stress on
Crew while in Flight

There is only one account known to the author where both physiological and psychological
stress have been measured in flight. This was by Bollinger and Carwell (1975) who measured
performance decrement of aircrew performing in-flight tasks. This was achieved by assessing
mission performance using photo target acquisition scores. While specific details were not given,
the crew apparently were wearing normal flying clothing, helmets and g-suits. A wide range of
physiological parameters was also measured. The results fromn missions on which the crew
were subjected to WBGTSs of up to 31°C were compared with results from winter flights, this
showed that nearly twice the percentage of targets were missed in the summer as in the winter
(although the majority, greater than 909, were photographed in both seasons). The misses
due to pilot error were spread over 249, of the summer and 10%, of the winter flights.

* The USAF Miniature Environmental Monitor is a four-channel record:. g system, which
can be located in the crew seat of an aircraft, and records dry bulb temperature, black globe
temperature, dewpoint and air velocity.

t The Minilab instrument is carried on the observer's lap; the WBGT is available as a
direct read-out.
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3.2.2.2 Measured Physiological Effect Only, of Heat Stress on Crew
while in Flight and on Ground Standby

Nunneley and James {1977) measured cockpit air temperatures and crew skin temperatures
during low altitude, high speed flights in a hot desert environment, abeard an F-111A aircraft.
Conditions often fell outside the comfort zone (as designated by a mean crew skin temperature
above 34°C). Particularly high head temperatures were noted.

Nunnzley and Myhre (1976) measured heat stress on crew seated in an F-15 aircraft parked
so that the cockpit was fully exposed to sunlight, cr could be shaded. Cooling air fzom ground
carts was available. Subjects wore a Nomex flying suit and helmet with lowered visor, but not
a ‘g’ suit. The tests were conducted for a duration of 60 min. At a WBGT of 34-4°C the body
temperature reached equilibrium, but the heart rate steadily rose throughout the test, demon-
strating the existence of heat strair.

3.2.3.3 Measured Psychological and Physiological Effects of Heat Strass on
Pilot in Simulated Flight

Iampietro et al. (1972) conducted experiments measuring physiological stress and perform-
ance in a general aviation trainer. Pilots were attired in light clothing, without helmets.
Significant decrements in performance occurred at WBGTs of 30:3°C and 38-7°C. Duration of
heat stress was 50 min. Routire tasks appeared to be unaffected by these WBGT levels, whereas
complex tasks were adversely affected.

3.2.3.4 Measured Psychological Effect of Heat Stress on Subjects under
Laboratory Conditions

The effects of heat on mental and perceptual performance have been studied widely.
Grether (1973) and Johansson (1975) provide suminaries of the considerable activity in this
field. There are several difficulties in applying this work to aircrew performance, namely:

{(u) the tasks are not flight-related;

(b) the effects of motivation as may exist for aircrew cannot be quautified, and laboratory
tests may not represent this;

(c) the clothing worn for laboratory tests is almost without exception of a lower insulation
value than the flying suit/‘g’ suit/'mae west'/helmet ensemble worn by aircrew;

(d) the work rate for aircrew in some instances will be greater than in most of the laboratory
tests,

Grether (1973) concluded that mental and perceptual performance decreased at an ET
above 29:4°C. However, there was a wide scatter in data points. Johansson (1975) concluded
from his wide survey that ETs over 30°C will most likely impair performance of mental, percep-
tual and psychomotor tasks for subjects stripped to the waist. He found a critical zone betweer.
ETs of 27° and 30° where impairment of performance may occur.

Wing (1965) calls attention to the exposure duration. He suggests the existence of an
inverse exponential relation between heat exposure duration and the lowest temperature that
yields significant impairment of mental performance. The relationship he proposes between
performance impairment (as a function of ET) and exposure time is presented graphicaliy in
Figure 10.

Grether ef al. (1971) examined the effects of combined heat, noise and vibration on human
perfoermance and physiological functions. Subjects were exposed to 31°C ET for 95 min, dressed
in lightweight flight clothing. A performance decrement was observed at this ET compared with
an ambient of 20°C ET; the addition of noise and vibration did not worsen this performance
decrement.

The most recent research cited here is that of Nunneley ef al. (1978) who examined subjects
exposed to WBGTs of 287 and 31 1°C, for physiological and psychological effects. Subjects wore
lightweight flight suits and helmets. A decrement in performance at both WBGTs occurred for
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